cultures of thymocytes did not cause DNA fragmentation, suggesting that lipopolysaccharide was unable to induce apoptosis of thymocytes directly. The injection of lipopolysaccharide induced no significant DNA fragmentation in adrenalectomized mice. The injection of anti-tumor necrosis factor alpha antibody together with lipopolysaccharide partially inhibited the appearance of DNA fragmentation in the thymus. On the basis of the fact that DNA fragmentation is one of the characteristics typical in apoptotic cell death, it was suggested that lipopolysaccharide could induce apoptosis in the mouse thymus in vivo. This apoptosis in the thymus might be mediated mainly by the adrenal hormones, but it is likely that tumor necrosis factor alpha might also participate in it.
Bacterial lipopolysaccharide (LPS) exhibits a variety of biologic activities, such as toxicity, adjuvanticity, anticomplementary activity, B-cell mitogenicity, and interferoninducing activity (12, 13) . It has been demonstrated that in vivo administration of LPS induces a loss of thymic weight and a decrease of thymic lymphocytes (1, 2, 15, 22, 23) . The changes in thymus morphology consist mainly of the destruction of thymic lymphocytes in the cortex, whereas the medulla seems not to be affected. Rowlands et al. (15) and Adorini et al. (1) have reported that the phenomena in the thymus of mice injected with LPS are due to the necrosis of cortical thymocytes.
Cell death is now recognized to be of fundamental importance in many fields of biology. Particularly, the immune system provides good models for cell death. Cell death can generally proceed via necrosis or apoptosis (programmed cell death) (4, 9, 10) . Necrosis is characterized by the formation of tubular lesions (pores) in the plasma membrane. On the other hand, apoptosis causes cell death in a way that differs morphologically and biochemically from necrosis. The common core mechanism of apoptosis is DNA fragmentation and morphological lesions, such as condensation and fragmentation of nucleus and cytoplasm. Although thymic injuries induced by LPS were previously reported as the necrosis of thymic lymphocytes, the possibility that LPS might induce their cell death through apoptosis was raised. In the present study, we studied whether and how the administration of LPS into mice induces apoptosis in thymic lymphocytes in vivo.
MATERIALS AND METHODS
Animals. Female and male BALB/c mice were purchased from Japan SLC (Hamamatsu, Japan) and used at 4 to 5 * Corresponding author.
weeks of age. Fifteen-week-old BALB/c mice were also used.
Reagents. Propidium iodide and hydrocortisone were obtained from Sigma, St. Louis, Mo. Rat monoclonal antimouse tumor necrosis factor alpha (TNF-a) antibody was purchased from UB, Inc., Lake Placid, N.Y.
LPS and administration. The LPS preparation extracted by the phenol-water method from Escherichia coli O111:B4 or Salmonella enteritidis was obtained from Difco Laboratories, Detroit, Mich. LPS from Klebsiella pneumoniae 03 was also prepared by the phenol-water method (19, 21 (14) . Briefly, the pellet of thymocytes was gently resuspended with 1 ml of hypotonic fluorochrome solution (50 p.g of propidium iodide per ml in 0.1% sodium citrate plus 0.1% Triton X-100) in polypropylene tubes. The tubes were placed at 40C in the dark overnight before flow cytometric analysis. thymus of mice injected with LPS. It is well known that TNF-a is released in mice injected with LPS and, further, that it leads various types of cells to apoptosis. Therefore, the possibility that TNF-a might play a role in induction of apoptosis in the thymus of mice injected with LPS was raised. Whether the administration of anti-TNF-a antibody could affect the appearance of apoptosis in the thymus of mice injected with LPS was investigated (Fig. 7) . 
DISCUSSION
In the present study, we demonstrated that the administration of LPS to mice induced DNA fragmentation in the thymus. DNA fragmentation was confirmed by the gel electrophoresis and laser flow cytometric analysis. Because DNA fragmentation is one of the characteristics typical in apoptotic cell death (4, 9, 20) , it was suggested that the cell death in the thymus of mice injected with LPS might be due to apoptosis. Previously, Rowlands et al. (15) and Baroni et al. (2) reported massive necrosis of thymic lymphocytes in mice injected with LPS. However, apoptosis was not fully clarified at that time, and they did not show evidence supporting necrotic cell death. Therefore, fragmented DNA observed in the present study clearly supported the apoptotic death of thymic lymphocytes. This report is the first description of apoptotic death of thymic lymphocytes in mice injected with LPS.
It seemed that immature thymocytes were sensitive to apoptosis caused by injection of LPS. This was supported by the finding that DNA fragmentation was predominantly detectable in the thymus but not in the lymph nodes or the spleen, because mature T cells were present mainly in the lymph nodes and the spleen. It was also supported by the fact that the injection of LPS into old mice did not cause DNA fragmentation in the thymus. Furthermore, we have already reported that small lymphocytes in the cortex disappeared 2 or 3 days after injection of LPS and that the cortex, in which immature cells are present, became thin (22, 23) . Collectively, these results suggest that it is likely that immature thymocytes in the cortex are destroyed by apoptosis after injection of LPS.
Apoptosis in the thymus of mice injected with LPS may be mediated mainly by adrenal hormones, because the adrenalectomy completely inhibited the appearance of apoptosis in mice. There are several reports that the depletion of thymocytes after the injection of LPS may be caused by glucocorticoid hormones (6, 7, 16) . It is, therefore, very likely that this apoptotic death of thymocytes is mainly due to the adrenal hormone released by the administration of LPS. On the other hand, anti-TNF-a antibody partially inhibited the apoptosis of thymocytes by LPS, suggesting the possibility that TNF-a participates in induction of apoptosis. However, we have no evidence that TNF-cL directly induces apoptosis in the thymus by LPS because there was no significant fragmented DNA in adrenalectomized mice caused by injection of LPS. The role of TNF-a in induction of apoptotic cell death in thymocytes is still unclear. However, it has been reported that TNF-a affects the sensitivity of the lymphocytes to the glucocorticoid hormone (3) and, further, that it regulates the synthesis of adrenal hormones (10, 11, 18) . Therefore, the exact relationship between adrenal hormones and TNF-a in apoptosis induced by LPS remains to be clarified.
Cell death, which can proceed via apoptosis or necrosis, is now recognized to be of fundamental importance in many fields of biology. At present, the immune system provides good models for apoptosis, and most studies have been performed with in vitro experimental systems using cultured lymphocytes. Irradiation (17) and corticoids (5) are known to be typically used in induction of DNA fragmentation for apoptosis in in vivo experimental systems. In the present study, we demonstrated that LPS could provide a new experimental system for the study of in vivo apoptosis. Since apoptosis of thymocytes after injection of LPS is massively and uniformly induced in this particular cell type, it is suitable for the study of the molecular mechanism of apoptosis.
Here, we demonstrated that LPS, bacterial endotoxin, induced in vivo apoptosis in target cells, although induction was not the direct action of LPS. This is of particular interest because bacterial toxins, such as protein toxins, usually cause the death in target cells via necrosis.
